A pro-fibrotic role of matrix metalloproteinase-9 (MMP-9) in tubular cell epithelial-mesenchymal transition (EMT) is well established in renal fibrosis; however studies from our group and others have demonstrated some previously unrecognized complexity of MMP-9 that has been overlooked in renal fibrosis. Therefore, the aim of this study was to determine the expression pattern, origin and the exact mechanism underlying the contribution of MMP-9 to unilateral ureteral obstruction (UUO), a well-established model of renal fibrosis via MMP-9 inhibition. Renal MMP-9 expression in BALB/c mice with UUO was examined on day 1, 3, 5, 7, 9, 11 and 14. To inhibit MMP-9 activity, MMP-2/9 inhibitor or MMP-9-neutralizing antibody was administered daily for 4 consecutive days from day 0-3, 6-9 or 10-13 and tissues harvested at day 14. In UUO, there was a bi-phasic early-and late-stage upregulation of MMP-9 activity. Interestingly, tubular epithelial cells (TECs) were the predominant source of MMP-9 during early stage, whereas TECs, macrophages and myofibroblasts produced MMP-9 during late-stage UUO. Early-and late-stage inhibition of MMP-9 in UUO mice significantly reduced tubular cell EMT and renal fibrosis. Moreover, MMP-9 inhibition caused a significant reduction in MMP-9-cleaved osteopontin and macrophage infiltration in UUO kidney. Our in vitro study showed MMP-9-cleaved osteopontin enhanced macrophage transwell migration and MMP-9 of both primary TEC and macrophage induced tubular cell EMT. In summary, our result suggests that MMP-9 of both TEC and macrophage origin may directly or indirectly contribute to the pathogenesis of renal fibrosis via osteopontin cleavage, which, in turn further recruit macrophage and induce tubular cell EMT. Our study also highlights the time dependency of its expression and the potential of stage-specific inhibition strategy against renal fibrosis. KEYWORDS: Epithelial-mesenchymal transition; macrophage; matrix metalloproteinase-9; osteopontin; renal fibrosis; tubular epithelial cell Matrix metalloproteinase-9 (MMP-9), also known as gelatinase B, belongs to a large family of zinc-dependent matrixdegrading enzymes called matrix metalloproteinases (MMPs) that have an important role in both physiological and pathological conditions in vivo. 1 MMPs are well known for their anti-fibrotic effect due to their ability to degrade and remodel extracellular matrix (ECM) proteins, however it has been recognized that MMPs can also exert pro-fibrotic effect under various pathological conditions.
Matrix metalloproteinase-9 (MMP-9), also known as gelatinase B, belongs to a large family of zinc-dependent matrixdegrading enzymes called matrix metalloproteinases (MMPs) that have an important role in both physiological and pathological conditions in vivo. 1 MMPs are well known for their anti-fibrotic effect due to their ability to degrade and remodel extracellular matrix (ECM) proteins, however it has been recognized that MMPs can also exert pro-fibrotic effect under various pathological conditions.
Myofibroblasts are the effector cells responsible for the production and secretion of ECM in renal fibrosis. It has been reported that myofibroblasts can derive from the activation of renal interstitial fibroblasts, perivascular fibroblasts and pericytes, from bone marrow-derived stem cells and from mesenchymal transition of endothelial cells and tubular epithelial cells (TECs). [2] [3] [4] [5] Tubular cell epithelialmesenchymal transition (EMT) is the transition of TEC into cells of mesenchymal phenotype, where TEC lose their epithelial characteristics and acquire a mesenchymal phenotype with the ability to secrete ECM. While EMT of primary TEC or cell lines in response to transforming growth factor-b1 (TGF-b1) has been well established, [6] [7] [8] [9] the exact contribution of tubular cell EMT to kidney fibrosis is still under debate. [10] [11] [12] [13] Iwano et al 3 demonstrated that EMT of TEC contributed to over a third of myofibroblasts in renal fibrosis by using proximal TEC genetically tagged mice in a UUO model. However, by using the same Cre/lox technology in the same UUO model, Humphry et al 11 found no evidence of TEC migrating to interstitium and expressing myofibroblast markers Nevertheless, a role for TEC in kidney fibrosis has been proven by their overexpression of MMP-2 14 or TGFb1. 13 Hertig et al 15 showed that TEC do not need to go through a complete transition to myofibroblasts to contribute to renal fibrosis. It is possible that TEC undergoing EMT-like changes may become local producers of ECM. 16 Migration across basement membrane as in EMT of cancer (type III) or embryonic cells (type I) may not be a feature of the EMT of epithelial cells (type II) in fibrotic diseases. 17 MMP-9 is well established to have a role in tubular cell EMT, 9, 18 in fact induction of tubular cell EMT in vitro and in vivo is associated with increased expression of MMP-9. Although MMP-9 knockout (KO) has been shown to reduce tubular cell EMT and renal fibrosis in murine unilateral ureteral obstruction (UUO) model, 19 interpretation of results obtained from the KO mice may have oversimplified the biological complexity of MMP-9. Moreover, the use of MMP-KO model has yielded conflicting results in various disease models. 20 Recent studies from our group have demonstrated that MMP-9 itself is capable of inducing the entire course of tubular cell EMT via the disruption of E-cadherin/b-cateninmediated cell-to-cell adhesion complex, independent of epithelial cell-basement membrane disruption. 6, 21 Moreover, results from our in vitro study has highlighted a prominent role and potentially an important source of MMP-9 from macrophages and TEC in tubular cell EMT induction, which has not previously been addressed in renal fibrosis. 6 Beside tubular cell EMT induction, MMP-9 is known to be capable of cleaving osteopontin (OPN), 22 a macrophage chemoattractant and macrophages are well known to have a role in renal fibrosis. [23] [24] [25] However, whether a protection in renal fibrosis was due to a reduction of macrophage infiltration in MMP-9 KO model is unclear. Furthermore, MMPs including MMP-9 has been shown to exhibit an opposing role at different stages of disease progression including renal disease. [26] [27] [28] Overall, the above observations highlight the complex biological function of MMP-9 that has previously been overlooked in renal fibrosis. Therefore, the aim of this study was to determine the expression pattern, origin and the exact mechanism underlying the contribution of MMP-9 in UUO model via MMP-9 inhibition.
MATERIALS AND METHODS
Animal and UUO Six-week-old BALB/c mice were purchased from Australian Research Council and experiments were performed in accordance with protocols approved by Animals Ethics Committee of Sydney West Area Health Service. UUO was performed by left proximal ureteral ligation under anesthesia as described elsewhere. 29 A total of five mice were used in each control and experimental group. Both obstructed and contralateral unobstructed kidneys were harvested at 2 weeks after UUO. For the UUO time-course study, tissues were harvested on day 1, 3, 5, 7, 9 and 14.
To inhibit MMP-9 activity, an MMP-2/9 inhibitor (2 mg/kg) (Chemicon, Billerica, MA, USA) or MMP-9-neutralizing antibody (6-6B) (2 mg/kg) (Calbiochem) was administered intraperitoneally for 4 consecutive days 0-3, 6-9 or 10-13 after UUO and tissues were harvested at 2 weeks after UUO. DMSO (Sigma) and mouse IgG1 isotype control antibody (Calbiochem) were used as vehicle for MMP-2/9 inhibitor and MMP-9-neutralizing antibody, respectively.
Cell Culture
Primary proximal TEC were obtained from the cortex of MMP-9 wild type (WT) or MMP-9 KO BALB/c mice using an established protocol adapted from Doctor et al. 30 Briefly, kidney cortex was minced and digested in collagenase IV and proximal TEC were separated by centrifugation using Percoll solution and cultured in K1 medium supplemented with 5% fetal calf serum (FCS). After 24 h, proximal TEC were washed and cultured in serum-free K1 medium for 4-5 days before treatment with TGF-b (5 ng/ml) or conditioned medium derived from non-stimulated or lipopolysaccharide (LPS)-stimulated MMP-9 WT or KO macrophages for 24 h.
Splenocytes from MMP-9 WT or MMP-9 KO BALB/c mice were harvested and washed in cold RPMI-1640. Tissue was triturated and the resulting cell suspension was filtered through a 40-mm nylon mesh and incubated on a petri dish at 37 1C for 30 min. Adherent cells were harvested and purified by magnetic-activated cell-sorting CD11b þ Microbeads. Purified macrophages were cultured in RPMI-1640 supplemented with 10% FCS at 37 1C under humidified conditions with 5% CO 2 . After 24 h, macrophages were washed and cultured in complete medium with or without LPS (100 ng/ml) for 24 h, washed three times and cultured in serum-free RPMI-1640 for 48 h. After 48 h, medium was collected and filtered through a 0.22-mm filter.
Murine tubular epithelial cell line (C1.1) was cultured in K1 medium (Dulbecco's Modified Eagle Medium: HAM's F12; 1:1 v/v) (Invitrogen, Carlsbad, CA, USA) containing 25 mg/ml of epidermal growth factor (Sigma, St Louis, MO, USA), 25 mmol/L of HEPES (Invitrogen), hormone mixture and 5% FCS at 37 1C with 5% CO 2 . For treatment, C1.1 cells were cultured under low confluency for 24 h in complete medium, rinsed in phosphate-buffered saline (PBS) and then in serum-free medium with TGF-b (3 ng/ml) alone or with MMP-2/9 inhibitor (0.5, 1, 2.5 or 5 mM).
Indirect Double Immunofluorescence
For indirect double immunofluorescence, cells cultured on glass coverslips were washed with PBS, fixed with cold methanol at À 20 1C for 10 min, and blocked with 2% bovine serum albumin (BSA) in PBS for 20 min at room temperature. Cells were incubated with primary rabbit polyclonal anti-E-cadherin (1:100, Abcam) and monoclonal anti-mouse a-SMA (1:200, Sigma) in 2% BSA in PBS for 1 h at room temperature. After washing with PBS, cells were incubated with secondary anti-rabbit Alexa Fluor-488 (1:600, Invitrogen) and anti-mouse Alexa Fluor-546 (1:600, Invitrogen) for 40 min at room temperature. Cells were then washed with PBS and counterstained with 4 0 , 6-diamidino-2 phenylindole (DAPI) (Invitrogen) for 5 min before mounting with fluorescent-mounting medium. The number of E-cadherinnegative or a-SMA-positive stained cells was quantitated by fluorescence microscopy.
Histology and Immunohistochemistry
Kidney tissues were fixed and embedded in paraffin. Sections were cut at 5 mm, deparaffinized, rehydrated, blocked with 3% H 2 O 2 in methanol (v/v) for 10 min and followed by 2% BSA (Sigma) in PBS for 1 h at room temperature. For detection of b-catenin, antigen retrieval was performed using antigen decloaker (Biocare Medical) for 10 min at 95 1C. Primary antibodies for OPN (1:100, Abcam), snail (0.2 mg/ ml, Abcam), a-SMA (1:200, Sigma), F4/80 (1:200, Abcam) and b-catenin (1:100, BD bioscience) were applied for 1 h at room temperature. Secondary antibody was applied for 40 min at room temperature. Antibody binding was visualized with 3 0 3-diaminobenzidine (DAB) (Dako) and sections were counterstained with hematoxylin (Sigma). Isotype control antibody was used as primary antibody for negative control, and no staining was observed. The presence of interstitial fibrosis was determined by Gomori trichrome staining.
Histological Analysis
For histological quantitation, a minimum of 15 non-overlapping images of cortex were taken under Â 200 magnification for each kidney unless otherwise specified, and quantitated in a blinded manner. Quantitation for interstitial a-SMA and Gomori trichrome staining was performed by a modified grid-counting method adapted from Vielhauer et al. 31 To quantitate the number of infiltrating macrophages and Snail-or OPN-positive cells, the number of F4/80-positive cells in the interstitium and Snail-positive TEC or OPNpositive cells (including TEC and interstitial cells) were counted, and results expressed as the average number of the respective positive cells per high power field (HPF). To quantitate b-catenin translocation in TEC, the number of TEC with cytoplasmic or nuclear staining was counted. The result was divided by the total number of cells positively stained for b-catenin (including membrane, cytoplasmism and nucleus) to obtain the percentage of b-catenin translocation.
To quantitate macrophage migration in vitro, the number of migrated J774 macrophages was counted by immunofluorescence microscopy. A minimum of 20 consecutive non-overlapping fields of view was taken under Â 200 magnification. Results are expressed as the average number of cells per HPF from an average of a duplicate per experiment and a minimum of four independent experiments.
To quantitate the percentage of E-cadherin or a-SMApositive cells in primary TEC culture, a minimum of 10 consecutive non-overlapping fields of view was taken under green fluorescence filter (for E-cadherin), red fluorescence filter (for a-SMA) and blue fluorescence filter (for DAPI) at Â 200 magnification. Quantitation of the number of E-cadherin-negative or a-SMA-positive cells was performed using merged images of E-cadherin and a-SMA staining, and the total cell number was determined by DAPI staining. Results are expressed as percentage of E-cadherin-negative or a-SMA-positive cells per HPF from an average of duplicate experiments and a minimum of four independent experiments.
Western Blot Analysis
Kidney cortex was homogenized in RIPA buffer and protein concentration was determined using Bio-Rad protein assay. Lysates from equal numbers of cultured cells were obtained by Tris-Glycine SDS sample buffer (Gradipore, Frenchs Forest, Australia).
Equal quantities of protein or lysates from equal numbers of cells were loaded per lane on 12-well NUPAGE 4 to 12% Bris-Tris gel (Invitrogen) for electrophoresis under reduced conditions. After electrophoresis, proteins were electron transferred onto PVDF membrane for 2 h using Mini TransBlot Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA). For immunodetection, membranes were blocked in 5% (wt/vol) skimmed milk in PBS overnight at 4 1C and were incubated with primary antibodies against MMP-9 (1:1000), OPN (1 mg/ml), b-catenin (1:2000), a-SMA (1 mg/ml) and b-actin (1:4000, Sigma) for 1 h at room temperature. Membranes were washed and incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1:2000, Santa Cruz Biotechnology) for 40 min at room temperature. Protein bands were visualized with an enhanced chemiluminescence detection kit. Band intensity was quantified by densitometry using Image J software.
Gelatin Zymography
Equal quantities of protein from kidney cortex homogenates were loaded and electrophoresed through 10% Novex zymogram gelatin gels with Tris-Glycine SDS Running Buffer (Invitrogen) under constant voltage of 125 V for 90 min. After electrophoresis, the gel was incubated in Zymogram renaturing and developing buffer, stained with Coomassie Blue R-250 (Bio-Rad) and destained as described previously. 6 Gelatinolytic activity of MMP-9 was visualized as a clear band on a blue background. Band intensity was quantified by densitometry using Adobe Photoshop 8 software, as described previously. 6 Macrophage Migration Assay Migration of murine macrophage cell line (J774) was assayed by a modification of Boyden chamber method using 24-well Transwell inserts with a 5-mm diameter porous membrane (Costar, Cambridge, MA, USA). Briefly, Transwell inserts were coated with BSA or OPN (50 ng/ml) with or without recombinant MMP-9 (200 ng/ml) (BIOMOL International, Plymouth Meeting, PA, USA) in RPMI medium, incubated at 37 1C overnight and blocked with 10 mg/ml BSA in RPMI for 1 h at 37 1C, and 600 ml of RPMI was added into the lower chamber with recombinant CCL-2 (50 ng/ml) or vehicle. An aliquot of 0.1 Â 10 6 J774 macrophages in 200 ml of RPMI medium was loaded onto the Transwell insert and incubated for 5 h. Non-migrated J774 macrophages were gently removed on the upper side of the membrane with cotton swabs and the undersurface of the membrane was fixed with cold methanol at À 20 1C for 10 min, stained with DAPI (Invitrogen) and the number of migrated J774 macrophages was counted by immunofluorescence microscopy.
In situ Hybridization
To probe MMP-9 mRNA, all buffers were treated with 0.1% diethylpyrocarbonate or made in 0.1% diethylpyrocarbonatetreated distilled H 2 O. For detection of MMP-9 mRNA in kidney tissues, formalin-fixed paraffin-embedded kidney tissues were cut at 2 mM, deparafinized, rehydrated and blocked in 3% H 2 O 2 in methanol for 15 min at room temperature. The sections were incubated in 0.3% triton-X in PBS for 15 min at room temperature, washed in PBS, digested with proteinase-K for 20 min at 37 1C and washed in PBS. The sections were then immersed in cold 20% acetic acid (v/v) for 20 s, dehydrated and air dried. Double digoxigenin (DIG)-labeled custom locked nucleic acid detection MMP-9 mRNA probe or sense control probe (Table 1 ) (LNA mRNA, Exiqon, Woburn, MA, USA) (40 mM) was diluted in hybridization buffer (4 Â SCC, 10 mM DTT, 10% dextran sulfate, 2 Â Denhart solution, 50% formamide) and denatured at 95 1C for 2 min. The sections were then hybridized with double-DIG-labeled MMP-9 mRNA probe or sense control probe at 51 1C for 22 h in a humidified chamber. After hybridization, sections were rinsed once in 2 Â SCC and washed 3 times in 0.2 Â SCC for 5 min each at 45 1C.
For immunodetection of DIG-labeled probes, sections were blocked in 2% BSA in PBS for 1 h at room temperature and incubated with HRP-conjugated anti-DIG antibody (1:100, Abcam) in 2% BSA in PBS at 37 1C for 2 h in a humidified chamber. After washing with PBS, probe binding was visualized with DAB.
Real-time PCR Kidney cortex was homogenized, RNA was extracted using RNeasy Mini Kit (Qiagen, Hilden, Germany) and reversetranscribed into cDNA using Superscript First-strand synthesis system (Invitrogen). Real-time PCR amplification with primers (Table 2 ) was carried out in Corbett Rotorgene 3000 Real-time Thermo cycler using a PCR mixture containing primers, cDNA and SYBR green mastermix (Invitrogen). Housekeeping gene b-actin was used as endogenous control.
Statistical Analysis
Results are expressed as mean ± s.e.m. Statistical significance was evaluated using two-tail t-test for comparison between two groups and a value of Po0.05 was regarded as statistically significant.
RESULTS
Renal MMP-9 Expression after UUO MMP-9 expression was detectable by western blot analysis on days 1 and 3, rose further on day 5, was low on days 7 and 9 Table 2 Primers used for real-time PCR
Matrix metalloproteinase-9 in renal fibrosis T Kui Tan et al and peaked on days 11 and 14 ( Figure 1a ). There was a similar time course for gelatinolytic activity of MMP-9 on days 1, 3, 5, 11 and 14 in UUO kidneys (Figures 1b and c) . MMP-9 expression and gelatinolytic activity were undetectable in sham control kidneys throughout the time course (Figures 1a and b, respectively) .
Sources of Renal MMP-9 after UUO To determine the source of MMP-9, immunofluorescence staining and in situ hybridization were performed.
Immunofluorescence staining showed double staining of MMP-9 with F4/80 and MMP-9 with a-SMA in UUO kidney (Figures 2a and b, respectively) . Co-localization of MMP-9 mRNA-positive cells with immunohistochemical staining for F4/80 or a-SMA on consecutive kidney tissue sections showed three main sources of MMP-9 after UUO, namely TEC, macrophages and myofibroblasts (Figure 2c ). Quantitative analysis based on MMP-9 mRNA-positive cells showed an early stage increase, mid stage reduction and late-stage increase in the number of MMP-9 mRNA-positive cells after UUO (Figure 2d ). TEC were the predominant source of MMP-9 at early stage and a major source of MMP-9 at mid and late stage after UUO (Figures 2e and f, respectively) . Interstitial cells were the major source of MMP-9 during late stage after UUO (Figure 2e) , with approximately one-third of all MMP-9 mRNA-positive cells originated from macrophages or myofibroblasts (Figure 2f ).
Effect of MMP-9 Inhibition on OPN Expression and MMP-9-cleaved OPN in UUO Kidney
The effect of MMP-9 inhibition on OPN expression in UUO kidneys was assessed by immunohistochemistry. Compared with sham control kidneys, OPN expression was upregulated in UUO kidneys, but there were no significant differences in the expression of OPN in UUO kidneys of mice treated with MMP-9 Ab or MMP-2/9 inhibitor or their controls at early, mid or late stage of the disease (data not shown).
Because MMP-9 is capable of cleaving OPN, 32 we then sought to determine the effect of MMP-9 inhibition on MMP-9-cleaved OPN (34, 32 and 5 kDa) by western blot analysis. Kidneys of mice treated with MMP-9 Ab or MMP-2/ 9 inhibitor during early and late stage, but not mid stage after UUO showed a significant reduction in MMP-9-cleaved OPN (32 kDa) compared with isotype Ab or vehicle-treated UUO kidneys (Figures 3a and b) . MMP-9-cleaved OPN corresponding to protein size 34 and 5 kDa was undetectable (data not shown).
Effect of MMP-9 Inhibition on Macrophage Infiltration in UUO Kidney
The effect of reduced MMP-9-cleaved OPN on macrophage infiltration was assessed by immunohistochemistry. Macrophage infiltration was increased in UUO kidneys compared with sham control kidneys, but was significantly reduced in UUO kidneys of mice treated with MMP-9 Ab or MMP-2/9 Figure 1 Bi-phasic, early-and late-stage expression of matrix metalloproteinase-9 (MMP-9) in kidney after unilateral ureteral obstruction (UUO). Representative western blot staining of MMP-9 (a) and gelatin zymography of MMP-9 gelatinolytic activity (b) in sham-operated (sham control) or UUO kidney at day 1, 3, 5, 7, 9, 11 and 14 after surgery. Each lane contains an equal amount of protein from kidney cortex. (c) Gelatinolytic activity of MMP-2 and MMP-9 were quantified by densitometry of gelatin zymographs. Data are expressed as mean ± s.e.m. n ¼ 5 for each experimental group. *Po0.05, **Po0.01 and ***Po0.001 vs sham control.
Matrix metalloproteinase-9 in renal fibrosis T Kui Tan et al Figure 2 Tubular epithelial cell (TEC), macrophages (F4/80) and myofibroblasts (a-SMA) are major sources of matrix metalloproteinase-9 (MMP-9) in kidney after unilateral ureteral obstruction (UUO). Immunofluorescence staining of (a) MMP-9 (red), F4/80 (green) and merged (arrows), and (b) MMP-9 (red), a-SMA (green) and merged (asterisks) in UUO kidney at day 14 after UUO. (c) Co-localization of MMP-9 mRNA-positive cells with myofibroblasts ( þ ) and macrophages (*) in UUO kidney at day 3, 7 and 14 after surgery. Quantitative analysis of the number of (d) total MMP-9 mRNA-positive cells, (e) interstitial vs tubular origin of MMP-9 mRNA-positive cells and (f) myofibroblasts, macrophages and TEC (based on morphology) which co-localized with MMP-9 mRNA-positive cells at day 3, 7 and 14 after surgery. Data are expressed as mean ± s.e.m. n ¼ 5 for each experimental group. (Figures 4a and b) . Expression of chemokine (C-C motif) ligand 2 (CCL-2) mRNA was upregulated in UUO kidney but unaffected by early-, mid-or late-stage inhibition of MMP-9 activity with MMP-2/9 inhibitor or MMP-9 Ab (Figure 4c ).
Effect of MMP-9-cleaved OPN on Macrophage Migration In vitro
To determine whether MMP-9-cleaved OPN can enhance macrophage migration, a migration assay was performed using recombinant full-length OPN or recombinant fulllength OPN pre-treated or not with recombinant MMP-9. As a negative control for OPN, BSA was used. Migration of J774 macrophages towards CCL-2 was significantly enhanced when cell culture inserts were coated with OPN compared with BSA. The number of migrated J774 macrophages was increased further when cell culture inserts were coated with OPN pre-treated with recombinant MMP-9 (Figures 5a  and b) .
Effect of MMP-9 Inhibition on Fibrosis in UUO Kidney
We next explored the effect of MMP-9 inhibition on renal fibrosis in UUO kidneys by immunohistochemistry for a-SMA and Gomori trichrome. Increased interstitial a-SMA staining was observed in UUO kidneys compared with sham control kidneys (Figure 6a ). Interstitial a-SMA was increased in UUO kidneys on day 9 compared with day 7 and increased further on day 11 compared with day 9, consistent with progression of fibrosis throughout the course of UUO (Figure 6a ). In UUO, kidneys of mice treated at early and late stage, but not mid stage with MMP-9 Ab or MMP-2/9 inhibitor there was a significant reduction in interstitial a-SMA and Gomori trichrome staining compared with isotype Ab or vehicle-treated UUO kidneys (Figures 6b and c  and 7a and b) .
Effect of MMP-9 Inhibition on b-catenin Translocation and Expression in UUO Kidney
To determine whether the reduction in myofibroblast (a-SMA) in UUO kidney after MMP-9 inhibition during early and late stage could be due to a reduction in tubular cell Matrix metalloproteinase-9 in renal fibrosis T Kui Tan et al EMT, b-catenin expression and localization were examined. Recent in vitro studies from our group showed that MMP-9 is capable of translocating b-catenin from cell membrane to cytoplasm or nucleus during the course of tubular cell EMT. 6 The overall expression of b-catenin was unaffected in UUO kidneys of mice treated with MMP-9 Ab or MMP-2/9 inhibitor at all stages of the disease progression as compared with UUO kidneys of isotype Ab or vehicle-treated mice (data not shown). However, an increased in cytoplasmic or nuclear staining of b-catenin observed in UUO kidneys was significantly reduced in UUO kidneys of mice treated with MMP-9 Ab or MMP-2/9 inhibitor during early and late stage, but not mid stage as compared with isotype Ab or vehicletreated mice (Figures 8a and b) .
Effect of MMP-9 Inhibition on Snail Expression in UUO Kidney
To confirm the role of MMP-9 in inducing tubular cell EMT induction in UUO kidneys, we examined the effect of MMP-9 inhibition on the expression of the EMT-associated transcription factor Snail. Consistent with our other findings, an increase in immunohistochemical staining for Snail in TEC, and an upregulated expression of Snail mRNA in UUO kidney was significantly reduced in UUO kidney of mice treated with MMP-2/9 inhibitor or MMP-9 Ab at early or late stage, but not mid stage of the disease as compared with UUO kidneys of isotype or vehicle-treated mice (Figures 9a  and b) .
A Role for TEC or Macrophage-derived MMP-9 in Tubular Cell EMT Induction To directly examine the role of endogenous MMP-9 from TEC or macrophages in the induction of tubular cell EMT, primary TEC or macrophages derived from MMP-9 WT or KO mice were used. TEC derived from MMP-9 WT or KO mice were treated with TGF-b. Immunofluorescence staining showed that TGF-b-induced increases in a-SMA-positive and E-cadherin-negative cells were significantly reduced in MMP-9 KO TEC compared with MMP-9 WT TEC (Figure 10a ). This result is supported by a separate experiment where an increase in a-SMA induced by TGF-b in C1.1 TECs was reduced by a potent MMP-9 inhibitor in a dose-dependent manner (Figure 10b) . To determine the role of macrophage-derived MMP-9 in the induction of tubular cell EMT, conditioned medium derived from LPS-stimulated MMP-9 WT or MMP-9 KO macrophages was cultured with MMP-9 WT TEC. Conditioned medium derived from LPS-stimulated MMP-9 KO macrophages increased the percentage of a-SMA-positive and E-cadherin-negative cells, whereas the percentage of these cells was significantly lower than with conditioned medium derived from LPS-stimulated MMP-9 WT macrophages (Figure 10c ). Previous studies have reported compensatory upregulation of MMPs in MMP-KO animals. To demonstrate whether other MMPs were upregulated in MMP-9 KO mice, we examined the expression of MMP-2, MMP-3, MMP-7 and MMP-9 mRNA in TGF-b treated MMP-9 WT or KO TEC, 
DISCUSSION
Although a role of MMP-9 has previously been established in renal fibrosis, its pathological complexity has largely been overlooked and the exact mechanism underlying its contribution to renal fibrosis remains unclear. In the present study, we revealed several previously unrecognized Matrix metalloproteinase-9 in renal fibrosis T Kui Tan et al Matrix metalloproteinase-9 in renal fibrosis T Kui Tan et al Figure 9 For caption see page 445.
Matrix metalloproteinase-9 in renal fibrosis T Kui Tan MMP production is tightly regulated and its expression may be cell specific and depend on signals that are temporarily expressed. 33 In this study, we showed a bi-phasic early-and late-stage upregulation of renal MMP-9 during the course of UUO. This observation recalls two previous reports of bi-phasic upregulation of MMP-9 during the course of experimental herpes simplex virus (HSV) type-1 keratitis, 34 and in a rat model of chronic allograft nephropathy. 35 Interestingly, we showed that early increase in MMP-9 expression was predominantly from TEC and further increase in MMP-9 expression at later stage arises from inflammatory cells, specifically macrophages and myofibroblasts in UUO kidney. This observation not only suggests TEC and macrophages as an important source of MMP-9 in renal fibrosis but also implicates its role in tubular cell EMT induction as result from our previous and present in vitro studies demonstrated a critical role of both TEC and macrophage MMP-9 in tubular cell EMT induction. 6 However, the study of Koesters et al 13 demonstrates that TEC may indirectly contribute to renal fibrosis via secretion of TGF-b, a well-recognized pro-fibrogenic growth factor and also an inducer of MMP-9. 36 In support of their study, our current result showed that MMP-9 recruits macrophages via OPN cleavage and that macrophages may contribute to renal fibrosis by at least partial tubular cell EMT induction.
Whereas upregulation of MMPs is often associated with disease severity, 37 the pathogenic relevance of this association is uncertain because, for example in cancer progression, 38 studies have shown an opposing role for MMPs at different stages of disease. In the current study, we showed that inhibition of MMP-9 activity by an MMP-2/9 inhibitor or MMP-9 Ab, specifically at early or late stages of UUO, was protective against the development of renal fibrosis. This result is consistent with a role of MMP-9 in renal fibrosis, which was previously reported, 19, 39 however the mechanism underlying its contribution was not fully explained. To the best of our knowledge, our study is the first to demonstrate a stage-specific expression of MMP-9 in renal fibrosis and its relevance to stage-specific therapy.
Previous studies by Yang et al 19, 39 demonstrated that direct or indirect inhibition of MMP-9 activity resulted in a reduction in tubular cell EMT and renal fibrosis in obstructive nephropathy. Findings from our current study further extended those observations where early-and latestage inhibition of MMP-9 not only reduced tubular cell EMT and renal fibrosis but also reduced MMP-9-cleaved OPN and macrophage infiltration.
Although OPN is well known to have a role in macrophage infiltration, 40 and in vitro studies have demonstrated an enhanced chemotactic function of MMP-cleaved OPN, 32, 41 no previous in vivo study has shown whether MMP-cleaved OPN is also chemotactic. Earlier studies demonstrated that the expression of OPN correlates well with macrophage infiltration in various experimental models of renal injury. 42 , 43 Persy et al 44 showed that the loss of OPN expression in OPN-deficient mice resulted in a significant reduction in macrophage infiltration and renal fibrosis in a murine model of ischemia reperfusion injury. In our current study, reduction of macrophage infiltration in UUO following MMP-9 inhibition was associated with a reduction in expression of MMP-cleaved OPN corresponding to the protein size of 32 kDa and not the expression of chemokine CCL-2, which was previously found to be a key macrophage chemoattractant in UUO model. 31, 45 This 32-kDa-cleaved OPN fragment has been demonstrated to be a byproduct of MMP-9 cleavage. 32 Our result suggests that it is MMP-9-cleaved OPN, rather than OPN expression, that determines its role in macrophage infiltration.
Numerous studies have highlighted an important role for macrophages in causing renal injury and fibrosis. [46] [47] [48] [49] For example, specific ablation of macrophages in UUO kidney of diphtheria toxin (DT)-treated CD11b-DT receptor transgenic mice, 47, 49 even at early stage resulted in a reduction in renal fibrosis. 49 Moreover Duffield et al 46 demonstrated an important role for macrophages in maintaining the myofibroblast population in renal fibrosis. Consistent with both observations, our current study showed that reduction in macrophage infiltration at early and late stage of UUO was associated with a reduction in myofibroblast numbers and renal fibrosis. Moreover, results from our in vitro and in situ hybridization suggest macrophage may have a direct role in renal fibrosis via tubular cell EMT induction. We showed that tubular cell EMT induced by conditioned medium derived from MMP-9 KO macrophages was reduced compared with medium derived from wild-type macrophages. Furthermore, in situ hybridization showed macrophage as a major source of MMP-9 late after UUO.
Overall, our current study demonstrates an important role of both TEC and macrophage MMP-9 in renal fibrosis. Our result suggests that MMP-9 of both TEC and macrophage origin may directly or indirectly contribute to the pathogenesis of renal fibrosis via induction of tubular cell EMT and OPN cleavage, which in turn further recruit macrophage. This study also highlights the time dependency of its expression and the potential of stage-specific inhibition strategy against renal fibrosis.
